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ABSTRACT: Coplanar and noncoplanar polychlorinated biphen-
yls (PCBs) are known to have different routes and degree of
toxicity. Here, the effects of noncoplanar PCB 52 and coplanar PCB
77 present at 2 mol % in a model system consisting of POPC
liposomes (50% hydrated) are investigated by solid-state 13C and
31P NMR at 298 K. Both PCBs intercalate horizontally in the outer
part of the bilayer, near the segments of the acyl chain close to the
glycerol group. Despite similar membrane locations, the coplanar
PCB 77 shows little effect on the bilayer properties overall, except
for the four nearest neighboring lipids, while the effect of PCB 52 is
more dramatic. The first ∼2 layers of lipids around each PCB 52 in
the bilayer form a high fluidity lamellar phase, whereas lipids beyond these layers form a lamellar phase with a slight increase in
fluidity compared to a bilayer without PCB 52. Further, a third high mobility domain is observed. The explanation for this is the
interference of several high fluidity lamellar phases caused by interactions of PCB 52 molecules in different leaflets of the model
bilayer. This causes formation of high curvature toroidal region in the bilayer and might induce formation of channels.
■ INTRODUCTION
The use of polychlorinated biphenyls (PCBs) has been highly
restricted or banned in several countries since the 1970s and
1980s, although a worldwide ban was not in place until 2001.1
However, the PCBs low biodegradability and high lipophilicity
cause these compounds to accumulate in the adipose tissue of
mammals as well as other creatures such as birds and fish.2,3
Despite slow degradation, PCBs are still found in the
atmosphere, even in remote locations such as Antarctica.4
Due to the high environmental persistence and high resistance
to decomposition in living organisms,5,6 PCBs accumulate up
the food chain, causing human exposure through both aquatic
and terrestrial food sources. The possible effects of prolonged
human exposure have therefore received considerable atten-
tion.7
There are as much as 209 possible configurations of PCB,
where the degree and route of toxicity of various congeners
varies significantly.7 From studies of structure−activity relation-
ships it is suggested that coplanar PCBs without chlorine
substitution in the ortho position have biological properties
similar to dioxin (2,3,7,8-tetrachlorobibenzo-p-dioxin), showing
carcinogenic effects by acting on the aryl hydrocarbon
receptor.7,8 The noncoplanar PCBs, on the other hand, show
different and more complex routes of toxicity, with for example
estrogenic and neurotoxic activity.9−11 Additionally, non-
coplanar PCBs have shown to increase the fluidity of cellular
membranes,12−14 which may affect the activity of multiple
membrane proteins.15 Consequently, the physiological effects
of noncoplanar PCBs may be far-reaching compared to
coplanar PCBs.
Most previous literature focuses on effects of PCBs on
cellular membranes, which illuminates effects of PCBs but
makes it difficult to investigate the mechanisms of action. In
order to access the core mechanisms it is helpful to utilize a
model lipid membrane. PCB 77 and PCB 52 have been used in
several earlier studies,14,16,17 representing coplanar and non-
coplanar PCB, respectively. Tan et al. showed that PCB 52
causes rapid cell death in thymocytes and cerebellar granule cell
neurons, altering multiple membrane components, while PCB
77 showed none of these effects.14,16 It was further shown from
fluorescent polarization measurements that PCB 52 increases
membrane fluidity, which was linked to the stereochemistry of
the more bulky PCB 52 compared to PCB 77, causing a greater
impact on membrane properties when intercalated in the
bilayer structure.16 Campbell et al. investigated interaction of
these PCBs with a model 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC) lipid membrane using atomic force
microscopy (ATM) and differential scanning calorimetry
(DSC).17 It was observed that bilayers with PCB 52 had a
lower gel-to-liquid phase transition temperature. Additionally,
fluorescence correlation spectroscopy of PCB in 1,2-dilinoleoyl-
sn-glycero-3-phosphocholine (DLPC) fluid bilayers showed
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that PCB 52 diffuses more slowly than PCB 77 in the bilayer.17
It was further concluded that, contrary to PCB 52, PCB 77 does
not intercalate into the lipid bilayers. This latter conclusion was
later questioned by Jonker and van der Heijden.18
In order to fully evaluate the effect and location of different
PCBs in a lipid bilayer, atomic-level investigation of the bilayer
is required. A technique capable of this is nuclear magnetic
resonance (NMR) spectroscopy.19−22 The amount of PCB
interacting with a membrane relevant to human exposure is
relatively small and remains below the detection limit of 13C
NMR. Still, high-resolution magic angle spinning (MAS) 13C
NMR can give detailed insight into the lipid-PCB interaction by
monitoring changes in lipid 13C spectra. Additionally, 31P NMR
gives direct and precise information on bilayer morphology and
fluidity.23 These techniques are applied here on a system
comprising of unilamellar liposomes of POPC − a biologically
abundant lipid − with and without PCB 52 or PCB 77.
The purpose of this work is to establish how noncoplanar
and coplanar PCBs interact with a lipid bilayer and what
possible consequences such interactions have to the bilayer
properties.
■ MATERIALS AND METHODS
Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) was obtained from Avanti Polar Lipids
(Birmingham, AL). PCB 52 and PCB 77 were obtained from
Sigma-Aldrich.
Liposome Preparation. The amount of PCB in the
samples is 2.0 mol %, which is above the limit where
nonspecific toxicity occurs for noncoplanar PCB.24 The lipid
samples were dissolved in chloroform, which was then
evaporated, and the samples were lyophilized overnight. The
dry samples were suspended in degassed, argon bubbled water
and left on a water bath for 1 h at 40 °C. In order to obtain
mostly unilamellar liposomes the sample was freeze−thawed
seven times using liquid N2.
22 The samples were pH-adjusted
to 7.4 by adding a small amount of 0.05 M NaOH with freezing
and thawing between each adjustment. The electrolyte
concentration as a result of the pH adjustment was in the
order of 10−4 M. Samples were subjected to 24 h of
lyophilization giving partially hydrated liposomes with a
hydration level of ∼12 water molecules per lipid molecule.21,22
Thus, samples with about 50 wt % water (fully hydrated lipids)
could be obtained by adding degassed argon-bubbled water.25,26
The samples were then equilibrated at 40 °C for 48 h and
packed in NMR rotors in an argon-atmosphere and stored in
the freezer.
NMR. The NMR data was obtained on a Bruker AV III HD
500 instrument. The instrument is equipped with magic angle
spinning (MAS) hardware for 4 mm rotors (ZrO2). Experi-
ments were carried out at a sample temperature of 298 K. 13C
spectra were obtained at a sample spinning rate of 6 kHz with
high-power proton decoupling during acquisition. The 13C
experiments were acquired with a relaxation delay of 5 s and
15000 scans. For the static 31P spectra 5000 scans were
collected with a relaxation delay of 3 s between transients. MAS
31P experiments were carried out with a rotor spinning speed of
2.5 kHz. Simulations of static 31P NMR spectra were carried
out with the Topspin software (version 3.5).
■ RESULTS AND DISCUSSION
31P NMR. Figure 1 shows the static (A), simulated (B), and
MAS (C) 31P NMR spectra of the three samples containing
POPC, POPC + PCB 77, or POPC + PCB 52 with 50 wt %
hydration. The spectrum of pure POPC shows as expected a
single lamellar phase with chemical shift anisotropy (CSA) at
43 ppm. The static spectrum of the POPC+PCB 77 sample
(Figure 1 A) shows the same lamellar phase but with a small
fraction of a higher mobility isotropic phase. As seen from the
simulated spectrum (Figure 1 B), this isotropic phase consists
of a negligible fraction of POPC in the sample. It is not clear
whether this isotropic phase is related to interaction with PCB
77, as a small fraction of isotropic POPC may occur during
sample preparation regardless of PCB. Although not visible in
the static spectrum, the corresponding MAS spectrum of the
POPC + PCB 77 sample (Figure 1 C) shows the presence of a
small additional lamellar phase, corresponding to 8.5% of the
sample lipids. This lamellar phase is not observed in the static
spectrum due to low abundance. If this lamellar phase is related
to lipids interacting with PCB 77, it corresponds to about four
affected lipids per PCB 77 molecule.
However, changes in POPC morphology in the presence of
PCB 52 are clearly seen in the 31P spectra (Figure 1), where a
high-mobility phase is indicated by a sharp peak in the static
spectrum (Figure 1 A and B), which is typical for a micellar-like
phase. This phase corresponds to 18% of sample lipids. In
addition, there are two lamellar phases with greater fluidity than
that observed for the POPC and POPC+PCB 77 samples. The
CSAs of the two lamellar phases with 2 mol % PCB 52 present
are 31 and 17 ppm, representing 50% and 32% of sample lipids,
respectively. The CSA value is inversely proportional to both
the axial rotation of the lipids and the degree of lipid oscillation.
Hence, higher lipid mobility or larger angle of the oscillation
Figure 1. Recorded (A) and simulated (B) static 31P NMR spectra of
POPC samples (50 wt % hydration) with and without PCB 52 or 77.
The central peak of corresponding MAS spectra with 2 kHz spinning
are shown in C: An asterisk marks an isotropic high mobility phase
(does not give spinning side bands), while the remaining peaks
represent lamellar phases. The amount of PCB in the samples is 2 mol
% relative to the lipid.
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will induce higher bilayer fluidity and cause lower CSA values.
This indicates increased fluidity compared to the lower mobility
lamellar phase observed in the POPC and POPC+PCB 77
samples (CSA = 43 ppm).
The 31P NMR data confirm results from earlier studies on
both cellular and model lipid bilayer samples where the
presence of PCB 52 is found to increase bilayer fluidity.14,17,26
Similar to previous studies, PCB 77 do not significantly affect
the membrane fluidity; however, 4 lipids per PCB 77 adopt a
lamellar phase with slightly different properties. The nature of
the lipid morphologies is discussed in a separate section.
13C NMR. There have been controversies regarding the
localizations of PCB 52 and 77 with respect to the bilayer. It
has previously been proposed that PCB 77 does not intercalate
between the lipid molecules and only interacts with the
headgroup,17 something that was later argued as unlikely due to
the lipophilic nature of PCB.18 In this section the locations of
PCB 52 and 77 are determined by 13C NMR.
Figures 2 and 3 show the effect of PCB intercalation in the
POPC bilayer. Compared to the reference sample with only
POPC, the 13C chemical shifts of lamellar POPC are altered in
samples containing PCB 77 or PCB 52 (Figure 2 B). From the
plot of chemical shift differences in Figure 2, two main
observations are made. First, the pattern of chemical shift
differences is similar for both the PCB 52 and PCB 77 sample.
However, the changes in chemical shift are slightly larger for
the PCB 52 sample. Second, the changes in chemical shift are
more pronounced for the carbonyl carbons (1′, 1) and
subsequent acyl chain carbons. This indicates both that PCB
52 and 77 intercalate at the same position in the POPC bilayer
and that this position is below the POPC carbonyl where
POPC carbons in general experience a more crowded chemical
environment, as evident from the decrease in chemical shift.
The displacement of the carbonyl resonance to higher
chemical shift values (Figure 3 A) reflects a conformational
change where the angle between the acyl chain and headgroup
increases upon intercalation of PCB. The increased angle
reduces stearic interactions between the carbonyl carbon and
surrounding nuclei which in turn reduces the chemical shift. An
accuracy of <0.02 ppm can be expected when internal shift
referencing is used. The more pronounced shift differences
(∼0.5 ppm) observed for some resonances in the PCB 52
sample, for example acyl chain carbons 4 and 7 (Figure 2 B), is
most likely due to the higher angle between the phenyl planes
and consequent more bulky stereochemistry of PCB 52
compared to PCB 77. As discussed in the next section, the
31P NMR results suggest that this difference causes PCB 52 to
affect lipids in a greater radius compared to PCB 77.
For the model POPC bilayer, the location of PCB below the
carbonyl segments and above carbon number 9 from the
carbonyl of the acyl chains is further illustrated by the CC
resonances shown in Figure 3 B. Here, carbon 9, which is
closest to the headgroup, is clearly affected by the presence of
both PCB 52 and 77, while carbon 10 remains unaffected.
These results suggest that the PCB molecules are oriented with
the long molecular axis horizontally to the bilayer plane, as a
vertical orientation would be expected to affect 13C resonances
further down the acyl chains. The small dipole moments
present when the phenyl plane configurations are as in Figure 4
A can then be oriented with the positive part toward the
negative charge of the POPC headgroup. The resulting PCB
orientations are shown schematically in Figure 4 B for this
scenario. However, dynamics such as rotational averaging of the
PCB and lipid molecules are not considered in the figure.
Another notable feature in the 13C spectra is the appearance
of additional POPC peaks, particularly in the PCB 52 sample.
This is shown in Figure 3 A for the carbonyl spectral region.
The origins of these peaks are various POPC morphologies in
the PCB 52 sample that are not present to a significant extent
in the absence of PCB 52. The small additional peaks seen in
Figure 2. A: Molecular structure of POPC. B: Differences in 13C
chemical shifts (Δδ) of the POPC lamellar phase in the presence of
PCB 77 (◆) and PCB 52 (□), compared to a sample of POPC only.
A positive value of Δδ means that the peak in question shifts to higher
ppm values in the presence of PCB (Δδ = δw/PCB − δPOPC). The
molecular structure of POPC is shown with labeling of the carbons
according to the assignment in the plot and in Figure 3 and Figure S1
and S2 of the Supporting Information.
Figure 3. 13C MAS NMR spectra of the carbonyl (A) and CC (B)
regions of the POPC (top), POPC + PCB 77 (middle), and POPC +
PCB 52 (bottom) samples at 298 K with 50 wt % hydration. Peak
labels are in accordance with the molecular structure given in Figure 2.
The amount of PCB in the sample is 2 mol % relative to the lipid. The
peak labeled with an asterisk is interpreted as POPC in a different
phase. Assignments are based on ref 27.
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the carbonyl and headgroup regions of the POPC and POPC +
PCB 77 13C spectra are likely related to the sample packing,
where bilayer regions with extended curvature can occur in the
turns of flattened liposomes and at the sample-rotor interface.
The 31P NMR spectra (Figure 1) confirm the presence of
different morphological states of POPC in the PCB 52 sample.
The morphology of aggregated amphiphilic molecules has
potentially a large impact on the molecules’ 13C chemical shifts,
particularly those of the headgroup region. For example, 13C
resonances from carbons near the headgroup region of
tetradecyltrimethylammonium bromide increase as much as
1.5 ppm upon transition from bilayer to micelle.28 Therefore,
the additional carbonyl peak at higher ppm values in the PCB
52 sample (Figure 3) most likely correlates to the high mobility
micellar-like phase seen in the 31P spectrum. Additional peaks
also appear around other resonances from carbons near the
headgroup region, including the glycerol (A, B, and C) and
cholin (γ, α, and β) carbons, as well as the first three carbons of
the acyl chains (1, 1′−3, 3′) (see the Supporting Information).
Lipid Morphologies in the PCB 52 and PCB 77
Samples. The changes in bilayer morphology and fluidity in
the presence of PCB 52 are related to stearic interactions
between the POPC acyl chain and PCB 52. With 2 mol % PCB
52, the most notable changes in bilayer morphology are a high
fluidity lamellar phase constituting 32% of sample lipids and a
high mobility micellar-like phase constituting 18% of sample
lipids. As mentioned, the remaining lipids form a less mobile
lamellar phase, which still has higher fluidity than the single
lamellar phase seen in the POPC+PCB 77 and POPC samples
(Figure 1).
The sample contains 2 mol % PCB 52 relative to the amount
of lipid. A reasonable assumption is that PCB 52 has highest
impact on nearest and next nearest neighboring lipids and that
the most mobile of the lamellar phases relates to these regions.
Further, if PCB 52 molecules localized in separate leaflets of the
bilayer become close in space, the mobile lamellar phases of
both leaflets will interact and destabilize the bilayer. The result
of this interaction is formation of a curved toroidal region
which will resemble a micellar-like phase in the NMR spectra
and facilitate formation of channels in the bilayer. The location
of PCB 52 close to the choline headgroup will increase the
headgroup cross-sectional area relative to the acyl chain. This
gives a packing parameter that facilitates increased curvature,
similar to a micellar phase, when several PCB 52s are near each
other at both sides of the bilayer. Conversely, a PCB location
closer to the core of the bilayer could reduce the curvature and
cause inverse hexagonal phases when multiple PCB 52s interact
in the bilayer. Such inverse hexagonal phases result in powder
pattern 31P resonances which are not seen here. Hence, the
presence of a micellar-like phase supports that PCB locates in
the outer part of the bilayer hydrophobic core. A schematic
presentation of the bilayer is illustrated in Figure 5 where the
Figure 4. A: PCB77 (left) and PCB52 (right). The stereochemistry is
calculated by the use of density functional theory (Spartan ’14). The
torsion angles between phenyl planes for the shown configurations are
∼76° for PCB52 and ∼37° for PCB77. These configurations
correspond to dipole moments of 0.28 and 0.86 D, respectively
(directions indicated). Note however that dipole moments will vary as
the phenyl rings twist.18 B: Schematic side view of PCB 77 and 52
intercalated in a POPC layer, showing the more bulky stereochemistry
of PCB 52.
Figure 5. Schematic view of the POPC bilayer with intercalated PCB 52, illustrating the three POPC phases observed from the 31P spectra with 2
mol % PCB 52. The simulated 31P spectra of the various phases are shown (from Figure 1 B). White orbs represent the less mobile lamellar phase
(50%), gray orbs represent the mobile lamellar phase (32%), and blue orbs represent the curved toroidal/micellar phase (18%). The intercalated
PCB 52 molecules (2%) are represented as red orbs. The number of orbs representing each phase approximately equals the fraction percentage
found by 31P NMR and thus gives a realistic distribution of the phases and PCB 52 in the bilayer.
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micellar phase is represented as a curved toroidal region which
forms a channel in the bilayer.
The data presented here gives molecular-level details about
the interaction of coplanar and noncoplanar PCBs with a lipid
bilayer, beyond what has been shown earlier. Particularly, the
ability of noncoplanar PCB 52 to potentially disrupt the bilayer
upon formation of curved toroidal regions may explain the
cytotoxic effects of these chemicals.14 Moreover, the interaction
of the high fluidity lamellar phase occurring around each PCB
52 with membrane proteins will significantly affect protein
function, as observed earlier.12−15
In the schematic bilayer representations shown in Figure 5 it
is indicated that where a large enough number of PCB 52
molecules can be found in a limited region, the POPC bilayer
will collapse and form a micellar-like phase. The POPC lipids in
such a phase can be expected to return to bilayer when the PCB
molecules that cause the micellar phase diffuse apart and that
these processes will move around in the POPC bilayer
depending on the number of PCB molecules found in a
limited region. It should be noted that this study is conducted
at a single PCB concentration using a model POPC bilayer. In a
biological system other toxicological mechanisms may come
into play at various concentrations; however, at the current
PCB bilayer concentration the high fluidity phase occurring
about each PCB 52 likely has highly adverse effects, also in a
biological system.
The results show that PCB 77 does not affect membrane
properties significantly, despite a similar location to PCB 52.
However, the 31P MAS NMR spectra suggests that PCB 77 in
fact does have an effect on neighboring lipids which form a
higher mobility lamellar phase similar to the one observed in
the PCB 52 sample, due to the similar isotropic 31P chemical
shifts. The difference is the extent of the effect, where one PCB
77 affects about 4 lipids and one PCB 52 affect 16 lipids, likely
due to the different stereochemistry of the two PCBs. The small
effect of PCB 77 will not be detectable by techniques used in
previous studies and was e.g. misinterpreted in an earlier study
by Campbell et al. to suggest that PCB 77 does not intercalate
in the bilayer.17
When utilizing a model lipid membrane, the biological
relevance of the model system is of importance in order to
translate the effects to biological systems. Here, the biological
abundant POPC is used, which means that general properties
of the bilayer, such as thickness and chain saturation, resemble a
cellular membrane. In particular, the formation of curved
toroidal regions may depend on such bilayer properties. Still,
the results presented here display many of the same trends as
previous studies using more typical saturated model lipids such
as 1,2-dipalmitoyl-sn-glycero-3-phosphoch (DPPC),14 DMPC,
and DLPC,17 where increased fluidity in the presence of PCB
52 is observed. PCB 52 is found to be among the more
abundant PCB congeners in both animals and in the
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